Bipolar youth show abnormal right IFG deactivation in response to emotional faces.
Abnormal deactivation of the inferior frontal gyrus during implicit emotion processing in youth with bipolar disorder: Attenuated by medication Danella M. Hafeman Table 1 .
Basic demographic characteristics of the study population. DBD = disruptive behavioral disorders; ADHD = attention-deficit hyperactivity disorder.
All M-BD youth were on an antipsychotic and/or mood stabilizer medication (lithium or antiepileptic agent); six were also on an antidepressant medication, and 10 were on a stimulant (Table 1) . By definition, the U-BD youth were not medicated with mood-altering medication; however, six of the 15 U-BD (n = 15) M-BD (n = 19) Non-BD (n = 59) HC (n = 29) p-value Demographics Age (years) 14.4 ± 2.1 13.6 ± 2.1 13.8 ± 1.9 13.1 ± 2.4 .17
Gender (% male) 7/15 (47%) 13/19 (68%) 37/59 (54%) 13/29 (44% youth took medication for ADHD (non-stimulant (n = 2) or stimulant (n = 4)). Most non-BD youth were also on at least one psychotropic medication.
Groups differed significantly on measures of depressive and manic symptoms at time of scan (PGBI-10M, KMRS, KDRS, and MFQ), but not anxiety (Table S3) . U-BD vs. M-BD youth had higher KDRS scores (p = .001; Table S4 ).
Dynamic faces paradigm
A block-design emotional dynamic faces task evaluated implicit processing of emotional stimuli.
Participants watched a series of faces that morphed from neutral to full expression of emotion (happy, sad, fearful, or angry) in 1 s. During control blocks, a luminance-equated shape morphed into a larger shape. Participants identified the foreground color, rendering the emotion task-irrelevant. The subject was shown three blocks for each of the four emotions (12 stimuli per block), and six control blocks (6 stimuli per block), pseudo-randomized so that a single emotion block was not repeated sequentially. This task robustly activates the amygdala and prefrontal emotion processing circuitry in adults (Herringa et al., 2013 ).
Neuroimaging analysis
Data were preprocessed and analyzed using Statistical Parametric Mapping software (SPM8 http://www.f il.ion.ucl.ac.uk/spm). We used a whole brain analytic approach to assess task activation, which we define as the difference in BOLD signal between emotion blocks and control (shape) blocks (Hypothesis 1); we next assessed differences in task activation between groups (Hypothesis 2). Our a priori regions of interest were the amygdala and prefrontal regions previously implicated in emotion regulation ( Phillips et al., 2008 and Strakowski et al., 2012) : ACC, OFC (BA 11), and VLPFC (BA 47). Thus additional analyses (Hypothesis 3 and Supplemental) were only conducted for clusters with peak voxels in these regions.
Hypothesis 1.
Activation of Amygdala and Prefrontal Regions:
Using SPM8, we assessed whole brain activation patterns to emotions vs. shapes across the entire study population (n = 122), using a 1-sample t-test and collapsing across group. To adjust for multiple comparisons, we reported only clusters that were Family Wise Error (FWE)-corrected p < .05, at both voxel-and cluster-wise levels.
Hypothesis 2.
Differential activation of these regions across group:
We constructed multiple regression models in SPM8 to assess differences in activation to emotional faces vs. shapes between groups. Using a whole brain analysis, we identified voxels that showed significant (p < .01) between-group differences in both the unadjusted and covariate-adjusted (site, gender, age, and IQ) models. This conservative approach facilitated the identification of voxels that were robust to potential confounding factors. To correct for multiple comparisons, we used a cluster-wise threshold determined by Monte Carlo simulations implemented in AlphaSim, to maintain an alpha of .05;
clusters were only considered significant if they were larger than the determined threshold (≥146 voxels).
This validated technique accounts for spatial correlations between BOLD signal changes in neighboring voxels ( Ward, 2002) .
Specific Pair-Wise Comparisons:
To determine which pair-wise comparisons explained the group differences observed above, mean BOLD signal change parameter estimates were extracted from significant cluster(s) (generated from
Hypothesis 2) with peak voxels in the hypothesized regions. A general linear model (PROC GLM in SAS 9.2) was used to further assess pair-wise contrasts (e.g. M-BD vs. HC), adjusting for site, age, gender, and IQ. Because we only extracted from significant clusters, reported p-values are not spatially corrected for multiple comparisons; however, we used the Tukey test to correct for six pair-wise comparisons across four groups. The impact of parental history of mania and parental education on mean cluster activation was determined by entering these variables separately into the group-adjusted emotion vs.
shapes model in SAS 9.2.
Further analyses
One strength of the LAMS cohort is the heterogeneity of the youth, but this also leads to multiple alternative explanations for the observed results. To address several possible confounds, including comorbidity, stimulant medication, type of bipolar diagnosis, task performance, and clinical state, we conducted the following analyses in SAS 9.2 on extracted regions from Hypothesis #2. First, we entered each variable into a multivariable model, adjusting for group and demographics, to establish whether (1) the variable significantly predicted cluster activation and (2) group was still significant after adjustment.
Second, when possible, we assessed the impact of group in a subset of the population not affected by the potential confound, to determine whether results were driven by this variable. To address the impact of task performance, we re-ran models (in SAS 9.2) on the subset of youth with accuracy >80%.
To determine individual emotion effects, emotion-specific activation data were extracted from the significant cluster(s) identified in Hypothesis 2. General linear models were then constructed in SAS 9.2 to assess between-group differences for each emotion. Results of these supplemental analyses are discussed briefly in the text, and detailed results are given in the Supplemental Appendix.
A number of measures were utilized to address biases that may arise in multisite neuroimaging studies.
As recommended by the Biomedical Informatics Research Network (BIRN; http://www.nbirn.net), a BIRN phantom was utilized monthly at all three sites to ensure longitudinal scanner signal stability. In addition, scan site was used as a covariate in the SPM8 analysis (Hypothesis 2) and the GLM in SAS 9.2 (Hypothesis 3). We also conducted sensitivity analyses to determine whether observed patterns of between-group differences in activity were driven by a particular site, by sequentially removing each site and rerunning primary analyses in SAS 9.2.
Results
As predicted, the task (emotions vs. shapes) diffusely activated multiple brain regions, most prominently the right fusiform gyrus, bilateral amygdala, and bilateral inferior frontal gyrus (IFG) (FWE-corrected p < .05) ( Fig. 1, Table 2 ). Significant activation was also observed in bilateral middle and superior temporal regions, as well as the left parahippocampal gyrus. Task activation patterns to all emotions vs. shapes across the entire study sample (whole brain, FWE-corrected p < .05).
Z-scores are labeled. Significant group differences to emotions vs. shape were found in the right IFG (peak voxel in the VLPFC), right cuneus, right middle cingulate cortex, and left insula (voxel-wise p < .01, corrected p < .05) ( Table 3 ). These clusters were robust to confounding, meaning that voxels were significant in both the unadjusted and covariate-adjusted models. Since the peak voxel of the IFG cluster was within an a priori region of interest (VLPFC), we extracted mean activation data for each participant from this cluster for further analyses ( Fig. 2a) . shapes. While both HC and non-BD youth showed significant activation in response to emotions vs. shapes, U-BD showed deactivation; p-values are corrected for multiple comparisons using the Tukey-Kramer method.
Hypothesis 3.
While both the HC and non-BD youth showed mean activation in the extracted right IFG cluster during emotions vs. shapes (p < .05), the U-BD group showed deactivation in response to emotional stimuli (p < .05). Relative to both HC and non-BD youth, the U-BD showed decreased mean activation which was significant after correcting for multiple comparisons (corrected p < .01). As predicted, activation in the M-BD youth was intermediate between U-BD and non-BD. No significant differences were observed between HC and non-BD groups. Covariate-adjusted results are shown in Fig. 2b . Group effects remained significant after further adjustment for parental education and parental history of mania.
Further analyses
Group effects remained significant following sequential adjustment for co-morbidity (ADHD, DBD, depression, and anxiety), stimulant usage, and type of bipolar disorder; additionally, none of these variables independently predicted cluster activation. Results from Hypothesis 3 were replicated in (1) the subgroup without co-morbidity and (2) the subgroup of youth not on a stimulant medication, indicating that these factors did not drive observed findings. Additionally, results from Hypothesis 3 were replicated in youth with BD-I (excluding BD-NOS), indicating that sub-syndromal BD was not driving observed results. A sensitivity analyses to determine whether results were driven by a particular site indicated that group differences remained significant in each two-site subgroup (all p < .05).
Effect of individual emotions
Supplementary analysis assessing the activation to each emotion indicated that there were group effects to fearful (F = 4.08, p = .009), angry (F = 2.48, p = .06), and sad faces (F = 6.06, p = .0007), but not happy faces (F = 0.72, p = .54). Thus results for emotions vs. shapes appear to be driven by neural responses to negative emotions ( Figure S1 ).
Effect of clinical state
To determine whether the abnormality in the extracted IFG cluster correlated with current mood state, we sequentially entered both log-transformed clinician-derived (KMRS and KDRS) and self-report scales (MFQ and SCARED) into the Hypothesis 3 emotions vs. shapes model in SAS 9.2. Adjustment for these variables did not significantly impact the effect of group, indicating that between-group differences were not explained by clinical state. However, KDRS scores were positively correlated with IFG cluster activation (t = 2.52, p = .01). While KMRS and PGBI-10 scores did not predict activation in the entire population, both were negatively correlated with IFG cluster activation in the bipolar sample (KMRS: t = −2.23, p = .03, PGBI-10: t = −2.55, p = .02). Thus exploratory results indicate that deficits in positive affect regulation were associated with decreased right IFG activation (in the bipolar sample), while depressive symptoms were associated with increased activation. Other scales (MFQ, SCARED) did not significantly predict cluster activation, and adjustment for these variables did not appreciably change the effect of group.
Effect of task performance
There were a significant number of participants with accuracy less than 80% on this task (n = 49); these youth were more likely to be in the clinical sample (vs. HC) (p < .0001), although bipolar diagnosis (and medication status) did not significantly affect performance ( Table S3) . Much of the poor performance was due to missed trials. Three of the participants did not have any response data recorded, and n = 7 had no response data for the majority of the trials (likely due to an error in ePrime). Further analyses determined that accuracy, reaction time, or response rate did not significantly impact IFG cluster activation, and adjustment for these variables did not appreciably change the effect of group. To ensure that results were not attributable to youth with poor accuracy, results from Hypothesis 3 were replicated in the sub-population of youth (n = 75) who had accuracy >80% ( Supplemental Appendix).
Discussion
We found deactivation of the right IFG (peak voxel in the VLPFC) during processing of emotional faces versus shapes in youth with U-BD, as compared to activation in HC and non-BD youth. Qualitatively similar differences were observed in youth with M-BD versus HC and non-BD youth, but these
